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Abstract

The 27 GPa pressure-induced epsilon–phi phase transition in HMX is explored using the

Isentropic Compression Experiment (ICE) technique at the Sandia National Laboratories

Z-machine facility. Our data indicate that this phase transition is sluggish and if it does

occur to any extent under the time scales (200 – 500 ns) and strain rates (5 x 105) typical

of ICE loading conditions, the amount of conversion is small.
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Introduction

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) is the main reactive ingredient of

many high performance high explosive formulations. There are two phase transitions that

have been found along the room temperature isotherm [1]. The one at 12 GPa is from β to

ε phase and is described as being conformational and martensitic. It apparently occurs

without an abrupt volume change. The other one (ε to φ) is discontinuous, occurs at 27

GPa and is accompanied by a 4 % volume decrease.

The presence of phase transitions may have important consequences for the detailed

understanding of detonation in HMX and its formulations. For example the peak pressure

of the detonation wave will depend on whether the transition occurs rapidly according to

ZND theory. The question is whether shock-loading conditions give sufficient time for

the nucleation and growth of a new phase before the reaction starts to chemically alter

and consume the HMX. Like shock loading, ICE loading also has the ability to

dynamically probe phase transitions at high strain rate and yet it has the potential to

achieve significantly higher pressures without provoking reaction in the sample [2].

Experimental Procedure

There are numerous excellent references on the ICE technique so this will not be

described in detail here [3,4]. Very briefly, an enormous electrical current pulse is used to

drive a compressive ramp wave in a conductive aluminum substrate via the Lorentz force.



3

This ramp wave (duration approximately 200 ns) propagates from the substrate into

HMX samples of carefully quantified thickness, ranging from about 400 to 600 um in

thickness. The HMX samples [5] were of two crystal orientations (010) and (110) and

were tamped using optically transparent windows (PMMA, LiF (100), and NaCl (100)

were all used in this particular experiment). The velocity of the respective HMX/window

interface was measured with VISAR interferometry equipment from VALYN VISAR.

Peak interface velocities on the order of 2.5 km/s were obtained in the case of NaCl

windows and 2.1 km/s in the case of LiF windows, indicating that the peak stress

achieved was on the order of 37 GPa in the HMX sample interior. Using the current

history, the VISAR data, and detailed thickness measurements of aluminum substrate and

HMX samples, the VISAR data are simulated using the Trac-II magnetohydrodynamic

code.

Discussion

In order to assess accurately the occurrence or absence of the phase transition it is

important to be able to model it. An HMX loading curve based on the QEOS fit of the

isotherm data is used [6,7]. Although the 12 GPa (β to ε) transition will probably not

show up in VISAR records due to its lack of volume dependency, the 27 GPa transition

should show up if it occurs. Our use of the QEOS form assumes that the transition goes to

completion instantaneously.
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Comparison of simulation to experiment for the (110) orientation of HMX using LiF

(100) windows shows no obvious indications of a phase transition for this orientation. On

the other hand, in Fig. 1 we see that the data for the thicker sample of the (010) HMX

orientation shows some hint of anomaly at about 2.1 km/s, but it is not nearly at the level

indicated in the simulation, suggesting that the transition may be sluggish and very

incomplete on the time scale of the experiment.

One complication is that we used NaCl windows for our (010) HMX data. NaCl is known

to have a phase transition at 26 GPa [8], close to the HMX phase transition.

To further investigate the possible influence of NaCl, we deduced an accurate pressure

drive for simulations using the D.B. Hayes backwards integration technique [9] on

VISAR data from a reference interface consisting of LiF (100) window directly on the

aluminum substrate.  The Al/LiF deduced pressure drive above was used in Trac-II to

simulate the VISAR data from a NaCl (100) window directly on the substrate. These

simulations uses a simple linear NaCl Hugoniot equation-of-state lacking any phase

transition information. The Al/NaCl simulation and Al/NaCl data displayed in Fig. 2

disagree at about 2.1 km/s. Figure 3 tells the same story in another way: Here the

Al/NaCl VISAR data were backward integrated to obtain a pressure drive and then

compared with the more reliable aforementioned pressure drive deduced from the phase-

transition-free Al/LiF VISAR data. Lacking a phase transition in NaCl the two drives



5

should be identical within experimental and computational uncertainties. The

discrepancies illustrate that the phase transition in the NaCl window can obscure accurate

observations regarding a 27 GPa phase transition in HMX.

It should be pointed out that the lack of evidence for a phase transition in the (110) data

does not negate the possibility of its occurrence in the (010) or other orientations as there

are examples where the crystal orientation relative to wave propagation direction is

believed to be an important factor in successfully inducing phase transformation, as in

KCl [11], graphite to diamond [12], and CdS [13].

Finally, we derived a best-fit linear Hugoniot for unreacted HMX based on our HMX

(110) data using Trac-II simulations. The constant gamma/volume assumption was used

with a Γ0 of 1.20 based on thermodynamic data from the literature. The Hugoniot given

by Us = 3.45 km/s + 1.90*Up fit our data well in the range up to interface velocities of

1.7 km/s. By contrast, a Hugoniot computed by a least squares fit of existing shock

compression data from Los Alamos [12] for both solvent pressed HMX (density 1.891

g/cc) and single crystal HMX (density 1.900 g/cc) gives Us = 3.31 km/s + 1.55*Up.

Further work is needed to satisfactorily obtain an accurate unreacted Hugoniot at high

pressures

.

In summary, both the (110) and (010) orientations of HMX have been taken up to 37 GPa

using the ICE technique. If the 27 GPa ε to φ phase transition in HMX does indeed occur,

it is sluggish. The (010) orientation needs to be re-examined using LiF windows, which
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do not have the additional complication of having their own phase transition as the NaCl

does.
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Figure captions

Figure 1: (010) HMX with NaCl window, VISAR data versus Trac-II simulation using

QEOS for HMX. The velocity is given in cm/µs.

Figure 2: Simulation of the Al / NaCl VISAR interface versus the actual data record. The

phase-transitionless linear Hugoniot EOS was used to simulate the NaCl. The velocity is

given in cm/µs.

Figure 3: Comparison of the pressure drives created by the backward integration of the

Al/NaCl and Al/ LiF VISAR records. The linear Hugoniot was used for the NaCl. The

pressure is given in Megabar.
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Figure 1
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